The role of RbpA in the backdrop of M. smegmatis showed that it rescues mycobacterial RNA polymerase from rifampicin-mediated inhibition (Dey et al., 2010; Dey et al., 2011) . Paget and co-workers (Paget et al., 2001; Newell et al., 2006) have revealed that RbpA homologs occur exclusively in actinobacteria. Newell et al. (2006) showed that MtbRbpA, when complemented in a ΔrbpA mutant of S. coelicolor, showed a low recovery of MIC (from 0.75 to 2 μg/ml) as compared to complementation by native RbpA of S. coelicolor (MIC increases from 0.75 to 11 μg/ml). Our studies on MsRbpA show that it is a differential marker for M. smegmatis RNA polymerase as compared to E. coli RNA polymerase at IC 50 levels of rifampicin. A recent sequence-based analysis by Lane and Darst (2010) has shown that RNA polymerases from Proteobacteria and Actinobacteria have had a divergent evolution. E. coli is a representative of Proteobacteria and M. smegmatis is an Actinobacterium. RbpA has an exclusive occurrence in Actinobacteria. Since protein-protein interactions might not be conserved across different species, therefore, the probable reason for the indifference of MsRbpA toward E. coli RNA polymerase could be the lineage-specific differences between actinobacterial and proteobacterial RNA polymerases. These observations led us to ask the question as to whether the evolution of RbpA in Actinobacteria followed the same route as that of RNA polymerase subunits from actinobacterial species. We show that the exclusivity of RbpA in Actinobacteria and the unique evolution of RNA polymerase in this phylum share a co-evolutionary link. We have addressed this issue by a blending of experimental and bioinformatics based approaches. They comprise of induction of bacterial cultures coupled to rifampicin-tolerance, transcription assays and statistical comparison of phylogenetic trees for different pairs of proteins in actinobacteria.
Introduction
The situation inside the crowded environment of a prokaryotic cell is a classical case of organizational complexity. Macromolecular machines like the bacterial flagellum (Pijper, 1948; Berg, 2003) , aminoacyl-tRNA synthetase (Delarue, 1995; Norcum et al., 2005) , ribosome (Nomura, 1973; Sykes and Williamson, 2009) , RNA polymerase (Ishihama, 1969; Ishihama and Ito, 1972; Ishihama et al., 1973; Zhang et al., 1999) , DNA polymerase (O'Donnell and Kornberg, 1985; Yao and O'Donnell, 2009) , bacteriorhodopsin (Kouyama et al., 1988; Khorana, 1988) , secretion systems (Galan and Collmer, 1999) , and RNA degradosome (Marcaida et al., 2006; Carpousis, 2007) can be regarded as the hallmarks of self-organization in the bacterial world. These multi-component, macromolecular complexes are ubiquitous in all three domains of life. By the end of the 20th century, a paradigm shift took place when Bruce Alberts (1998) described the cell as a collection of protein machines. This replaced the conventional view of treating bacteria as "bags of second-order chemical reactions" (Alberts, 1984) because these macromolecular machines are now well-known to form crucial, modular units of function in all cells. A macromolecular complex is a product of an ordered assembly of smaller subunits or proteins. This assembly results from physical interactions between its constituent proteins. Inside each protein assembly the intermolecular collisions, are not only restricted to a small set of possibilities, but are also controlled in a cascade (Alberts, 1998 (Alberts, , 1984 . However, these interactions have serious implications on the coevolution of interacting proteins as they govern major biochemical pathways. That is because, if one partner's binding surface undergoes any divergent changes then it needs to be complemented by the interacting partner at the interface (Goh et al., 2000; Atwell et al., 1997; Jespers et al., 1999; Moyle et al., 1994; Pazos et al., 1997) . If co-evolution does not take place, interaction between the proteins will be lost, and consequently so would their function.
The conventional standard for judging the co-evolution of interacting proteins is by comparison of their phylogenetic trees. Initial observations of qualitative similarities between phylogenetic trees have been made in the case of interacting protein families of insulin and its receptors (Fryxell, 1996) , dockerins/cohexins (Pages et al., 1997) and vasopressin/vasopressin receptors (van Kesteren et al., 1996) . Such qualitative assessment was substantiated later by a quantification of the relationship between phylogenetic trees and protein interactions in large data sets (Goh et al., 2000; Pazos and Valencia, 2008) . Applied & Translational Genomics 1 (2012) 9-20 Our work on the interaction between MsRbpA and mycobacterial RNA polymerase has shown that one of the functional implications of this interaction, is the rescue of rifampicin-mediated inhibition of RNA polymerase activity (Dey et al., 2010 (Dey et al., , 2011 . Subsequently, we probed for a similar effect of MsRbpA on E. coli RNA polymerase. The results showed an indifferent behavior of MsRbpA towards a heterologous system of E. coli when evaluated in the backdrop of rifampicin tolerance.
Thus, loss of function of actinobacterial MsRbpA on proteobacterial RNA polymerase (from E. coli) hint towards a lack of interaction across these species. This led us to a hypothesis on the existence of a coevolutionary link between exclusivity of RbpA in Actinobacteria and the unique evolution of RNA polymerase in this phylum. In the work presented here, we intend to validate this hypothesis by employing a combination of experimental and bioinformatics based approaches.
Materials and methods

Bacterial strains and plasmids
M. smegmatis mc 2 155 is the wild type strain. SM07 is a recombinant strain derived from mc 2 155, harboring a chromosomal hexahistidine tag on the rpoC gene (Mukherjee and Chatterji, 2008) . RNA polymerase from E. coli was purified from strain RL916 (gift from Prof. Robert Landick, University of Wisconsin) (Brar et al., 2005 (Triccas et al., 1998) and pJAM2MsRbpA (Dey et al., 2010) , respectively. All M. smegmatis strains were grown on MB7H9 media (supplemented with bactoagar, whenever required) along with 2% glucose and 0.05% Tween 80 (in case of liquid cultures). Jmc 2 155 and JRmc 2 155 were grown with 25 μg/ml Kanamycin. The concentrations of rifampicin varied from 2.5 μg/ml to 400 μg/ml. Escherichia coli strain BL21 (DE3) was used for gene expression experiments. The protein expression and purification experiments were carried out using E. coli strain BL21 (DE3). M. smegmatis strains Jmc 2 155 and JRmc 2 155 were induced by adding 2% acetamide to cultures. E. coli BL21 (DE3) cells were transformed with pETMsRbpA and induced with 1 mM IPTG in the presence of 100 μg/ml ampicillin.
Protein purification
RNA polymerase was purified from M. smegmatis strain SM07 and E. coli strain RL916 using protocols mentioned previously (Mukherjee and Chatterji, 2008; Brar et al., 2005) . MsRbpA was purified using Ni-NTA affinity chromatography (Dey et al., 2010) .
Transcription assays
IC 50 was determined for RNA polymerase purified from M. smegmatis strain SM07 using multiple-round transcription assay described previously (Lowe et al., 1979) . For judging the effect of MsRbpA on the RNA polymerase at the IC 50 concentration of rifampicin, the assay buffer comprised of 40 mM Tris HCl pH 7.8, 200 mM NaCl, 10 mM MgCl 2 , 0.1 mM EDTA, 14 mM β-mercaptoethanol, 200 μM each of ATP, GTP, CTP, 50 μM of UTP, and 2 μCi of 3 H-UTP (Perkin Elmer). The concentration of DMSO was maintained at 5% in all transcription reactions as a solvent for rifampicin. The assay mix comprising of the template DNA, enzymes and assay buffer, with/without rifampicin and with/without MsRbpA was incubated at 37°C for 30 min and spotted on DE81 paper (Whatman) presoaked in 5 mM EDTA to stop the reaction. The DE81 papers were dried and washed with 5% Na 2 HPO 4 (twice, 15 min each) followed by autoclaved double distilled water (thrice, 10 min each), and eventually with absolute ethanol and dried. Subsequently, the filters were placed into scintillation vials containing toluene-based scintillation fluid and counted by scintillation spectrometry. The concentration of rifampicin was varied depending upon the IC 50 values, keeping the concentration of DMSO constant at 5%. The concentration of MsRbpA in the transcription assays was varied from 2-fold to 8-fold the concentration of RNA polymerase.
The purified MsRbpA was added to E. coli RNA polymerase in varying molar ratios at the IC 50 of rifampicin (0.10 μg/ml) (Fujii et al., 1995) . The assay was carried out by the same method as mentioned previously in case of M. smegmatis on calf-thymus DNA.
Construction of phylogenetic trees
The amino acid sequences of RbpA, β, β' subunits of RNA polymerase and 11 other proteins were retrieved from genome sequences of organisms belonging to the actinomycete phylum. The other proteins included: α-subunit of RNA polymerase, ω-subunit of RNA polymerase, GroEL1, GroEL2, S12 (30S ribosomal protein), Hsp70 (Heat shock proteins), HisA (phosphoribosyl isomerase A), PyrD (di-hydro-orotate dehydrogenase), EF-G (elongation factor-G), IF-2 (initiation factor-2), glucose-6-phosphate dehydrogenase. The candidate organisms from the actinomycetes have been enumerated in Table 1 . Multiple sequence alignment and phylogenetic tree construction were carried out using the software MEGA 4.0.2 (Kumar et al., 2008) .
Computation of pairwise distance matrix from pairwise distances between amino acid sequences
After qualitatitive analysis of the similarity between the phylogenetic trees obtained from the list of species mentioned in Table 1 , the quantitative analyses required the computation of pairwise distances between pairs of amino acid sequences. The evolutionary distance between a pair of sequences is usually measured by the number of nucleotide (or amino acid) substitutions occurring between them. Evolutionary distances are fundamental for the study of molecular evolution and are useful for phylogenetic reconstructions and the estimation of divergence times. Distance matrices are further used for the calculation of correlation matrices.
The distance matrices were calculated only for those genes that were common among all the species mentioned in Table 1 . Therefore, the phylogenetic trees of 16S rRNA, pyruvate dehydrogenase α/β subunits and polyketide synthase were excluded from the exercise of distance calculation. Also, species that did not contain all the genes were omitted to maintain uniformity. The final list of organisms whose sequences were used for subsequent calculations are shown in Table 2 . The distance matrices were constructed using the same software MEGA 4.0.2, which was used for the construction of the phylogenetic tree.
2.6. Calculation of the Pearson's coefficients of correlation among the distance matrices Co-evolution of genes can be quantitatively followed by measuring the similarity scores between the sets of values. A similarity score is obtained by calculating the Pearson's linear correlation coefficient between the two distance matrices (taking two matrices at a time). The matrices should have the same dimensions so as to be comparable. Therefore, as mentioned in the previous section, species that contained all the genes in common were considered and the remaining species were excluded. The distance matrices for the 25 species were constructed. The order of the pairwise distances of the 25 species was uniformly and stringently maintained in each matrix.
The desired pairwise combinations of the matrices were tabulated for which correlation coefficient was to be determined. Calculations of the Pearson's correlation were carried out using Microsoft Excel (MSOffice 2003 edition).
Testing the significance of the Pearson's coefficients of correlation
The value of the correlation coefficients must be tested for their statistical significance. For this we made use of the Student's t-test. A Student's t-test is a statistical hypothesis test that follows the Student's t distribution for validating the differences between the two sets of values. We exploit this information to validate the correlation coefficients obtained between the various pairs of matrices.
Results
3.1. Effect of MsRbpA on the activities of M. smegmatis and E. coli RNA polymerases in the presence of rifampicin at the IC 50
The RNA polymerase purified from E. coli RL916 was assayed to have a specific activity of 70 nmoles of 3 H-UTP/mg/30 min, while that of M. smegmatis RNA polymerase from SM07 was 64 nmoles of 3 H-UTP/mg/30 min. The IC 50 of E. coli RNA polymerase for rifampicin has been previously reported as 0.10 μg/ml (Fujii et al., 1995) and that of M. smegmatis RNA polymerase is 0.05 μg/ml (Mukherjee and Chatterji, 2008) . We tested the role of MsRbpA on E. coli RNA polymerase in vitro by enriching the transcription assay mixture with increasing ratios of MsRbpA:RNA polymerase. The same set of assays was carried out for M. smegmatis RNA polymerase. As can be seen in Fig. 1 , 0.10 μg/ml of rifampicin inhibited the activity of E. coli RNA polymerase by 50%. When MsRbpA was added in increasing molar ratios to E. coli RNA polymerase, no recovery of activity took place (Fig. 1) . On the contrary, MsRbpA was able to rescue M. smegmatis RNA polymerase at the IC 50 concentrations of rifampicin (Fig. 1) . Since the calf thymus DNA-based transcription assay is a non-specific method to judge the activity, it was important to look into the in vivo role of MsRbpA in E. coli and compare the same with M. smegmatis. This would also give a clearer picture of any promoter-specific activity of MsRbpA in increasing the rifampicin-tolerance levels of E. coli.
Effect of overexpression of MsRbpA on the rifampicin-tolerance of M. smegmatis and E. coli
We chose the acetamidase promoter in order to have sufficient overexpression to allow expression of detectable amount of protein from mycobacterial cells. We cloned MsRbpA under acetamidase promoter in pJAM2 and electroporated the construct pJAM2MsRbpA into competent mc 2 155 cells. As a control, only pJAM2 vector was also electroporated into competent mc 2 155 cells (Dey et al., 2010) . The vector pJAM2 has a kanamycin resistance marker. The resulting strains Jmc 2 155 (carrying pJAM2) and JRmc 2 155 (carrying pJAM2MsRbpA) were screened for the overexpression of MsRbpA in the presence of acetamide. The strains were then tested at different levels of rifampicin. The strain overexpressing MsRbpA, JRmc 2 155, in the inducing conditions of 2% acetamide grew at rifampicin concentrations of 20 μg/ml, 40 μg/ml and 80 μg/ml, while the strain carrying pJAM2, Jmc 2 155, was incapable of growing at these concentrations (Fig. 2) . Thus, we found that overexpression of MsRbpA leads to increase in the rifampicin tolerance level in an otherwise rifampicin-sensitive strain carrying the vector alone. The expression of MsRbpA in pETMsRbpA is under the control of T7-promoter fused with lac operator, therefore, it can act as a genetic switch to direct the expression of MsRbpA in E. coli BL21 (DE3). For this purpose, we transformed E. coli BL21 (DE3) cells with pETMsRbpA. Subsequently, we grew the transformed E. coli BL21 cells under inducing conditions (1 mM IPTG). The cells from these two sets were plated onto LB agar plates (with 100 μg/ml ampicillin). The plates contained a gradient of rifampicin (0 μg/ml, 4 μg/ml, 8 μg/ ml, 16 μg/ml, 32 μg/ml and 64 μg/ml). However, as can be seen from Fig. 3A that overexpression of MsRbpA does not result in an increase in the MIC value of rifampicin for E. coli. At this point of time, it can be questioned as to whether any expression of MsRbpA actually took place in E. coli when the growth was taking place in IPTG. In parallel, it needs to be shown that there was a switch-off in the expression of MsRbpA in the absence of IPTG. Therefore, the growing colonies (shown in Fig. 3A) were picked, lysed and analyzed on a 15% SDS-PAGE. Fig. 3B depicts the results of MsRbpA in a switched-on or switched-off state. Lanes 4, 6, and 8 show the expression of MsRbpA in a switched-off state, while lanes 3, 5 and 7 show its expression in a switched-on state.
The probable reasons for this indifference on the part of MsRbpA could be: a) Exclusivity of RbpA in actinobacteria or absence of RbpA-like proteins in E. coli (Paget et al., 2001; Newell et al., 2006) . b) Proteobacterial RNA polymerases show divergence from actinobacterial RNA polymerases in their phylogenetic trees (Lane and Darst, 2010) .
Thus, loss of function of actinobacterial MsRbpA on proteobacterial RNA polymerase (from E. coli) hint towards a lack of interaction across these species. Additionally, we have proof that RbpA interacts with RNA polymerase in Streptomyces coelicolor (Newell et al., 2006) and MsRbpA interacts with RNA polymerase in M. smegmatis (Dey et al., 2010 (Dey et al., , 2011 . Also MtbRbpA had a partial effect on increasing the MIC of rifampicin for a ΔrbpA strain of S. coelicolor, indicating a limited conservation of interaction among actinomycetes (Newell et al., 2006) .
Co-evolution of RNA polymerase and RbpA in Actinobacteria
Co-evolution is prevalent in species at the organismic and molecular levels. It stands as an important function in the evolution of species and manifests itself in the host-parasite and predator-prey interactions. Proteins and their interacting partners also form important pairs that must co-evolve to maintain their specificity. The sequence changes in one partner must be complemented by corresponding changes in the other partner so as to maintain its functionality. Otherwise the interaction between the proteins is lost along with its function. Evolutionary studies on interacting proteins have also revealed the co-evolution of binding partners (Goh et al., 2000) . The same approach was extrapolated in our study of the co-evolution of RbpA with actinobacterial RNA polymerase using bioinformatics approaches. As a control, phylogenetic trees of 9 other genes (apart from RbpA and the subunits of actinobacterial RNA polymerase) were constructed. These genes included, glucose-6-phosphate dehydrogenase, GroEL1, GroEL2 and the six other anciently conserved proteins (Lake et al., 2009) .
Phylogenetic analysis has shown that the trees of RbpA, RNA polymerase β and RNA polymerase β' subunits (Fig. 4A, B , and C) share a similarity in their appearance. As a control, the phylogenetic tree for the gene glucose-6-phosphate dehydrogenase (from same set of species) did not show a similar appearance (Fig. 4G) . We have also analyzed the phylogenetic trees of RNA polymerase subunits α Fig. 4 . A. Phylogenetic tree of RbpA in Actinobacteria.B: Phylogenetic tree of RNA polymerase β-subunit in Actinobacteria.C: Phylogenetic tree of RNA polymerase β'-subunit in Actinobacteria.D: Phylogenetic tree of RNA polymerase α-subunit.E: Phylogenetic tree of RNA polymerase ω-subunit.F: Phylogenetic tree of GroEL1.G: Phylogenetic tree of glucose-6-phosphate dehydrogenase in Actinobacteria.
and ω, GroEL1 (Fig. 4D , E and F) as well as other genes (as mentioned in the Materials and methods; see Supplementary material). In order to ascertain that the observed similarity was not anecdotal, it was important to calculate the statistical relationship between tree similarities. For this purpose, we computed the pairwise distances between the members of each phylogenetic tree (for the same set of species; the values of the phylogenetic distances have been enlisted in Table 3A to D). Similar data analyses were carried out for Fig. 4 (continued) .
Table 3
A to G. Distance matrices for phylogenetic trees of RbpA, RNA polymerase β-subunit, RNA polymerase β'-subunit RNA polymerase α-subunit, RNA polymerase ω-subunit, GroEL1 and glucose-6-phosphate dehydrogenase from the selected actinobacterial species (the numbers in the matrices represent the following species: 1. Mycobacterium tuberculosis; 2. Mycobacterium smegmatis; 3. Mycobacterium leprae; 4. Mycobacterium bovis; 5. Corynebacterium diphtheria; 6. Corynebacterium aurimucosum; 7. Streptomyces coelicolor; 8. Streptomyces avermitilis; 9. Nocardia farcinica; 10. Rhodococcus opacus; 11. Rhodococcus erythropolis; 12. Frankia alni, 13. Tsukamurella paurometabola; 14. Actinosynnema mirum; 15. Gordinia bronchialis; 16. Segniliparus rotundus; 17. Saccharomonospora viridis; 18. Saccharopolyspora erythrea; 19. Geodermitophilus obscures; 20. Thermobispora bispora; 21. Thermonospora curvata; 22. Nakamurella multipartite; 23. Salinospora arenicola; 24. Thermobifida fusca). the remaining set of trees obtained from the phylogenetic analyses of the other genes (mentioned in Materials and methods; see Supplementary material).
A:
The distance matrices were then arrayed alongside each other and Pearson's coefficient of correlation was calculated for each pair of distance matrices. Statistical values were tabulated and analyzed for their significance using Student's t-test (Tables 4 and 5 ). Similar work carried out on the phylogenetic trees of NuoE and NuoF subunits of the E. coli NADH dehydrogenase complex displayed a discernible similarity (0.86 in a 0-1 scale). The two subunits interact tightly as observed in the crystal structure of the complex (PDB id: 2fug). A similar range of values were observed for the subunits of RNA polymerase in actinobacteria, when compared with each other (Table 6) . From Table 7 , we observed that correlation coefficient between RbpA and the different subunits of actinobacterial RNA polymerase are 0.82 (for α and RbpA), 0.85 (for β and RbpA), 0.89 (for β' and RbpA) and 0.81 (for ω and RbpA). So the phylogenetic trees of RbpA and RNA polymerase subunits showed a strong correlation between them. Therefore, co-evolution of these interacting proteins, i.e., RbpA and RNA polymerase, gets strongly emphasized here. The important observation to be noted here is that the phylogenetic trees of EF-G and ribosomal protein S12 share very low correlation with RbpA (Table 8) . This low correlation is sustained when they are compared with RNA polymerase subunits also. On the other hand, the phylogenetic trees of Hsp70 and IF-2 show a high degree of correlation with RbpA, but again, it can be seen that they share a high degree of correlation with the trees of RNA polymerase subunits also. This relationship appears to be reflexive in the case of these proteins.
A final validation of correlation coefficients was done to ensure positive correlation between the trees. Therefore, correlation coefficients were tested to check their significance.
Significance of the value of correlation coefficient
The calculated value of 't' is compared with the table value of 't' at α = 0.05 and 298°of freedom i.e. 1.64. Since, the calculated value is greater than the table t-value, the null hypothesis is rejected. In other words, the alternate hypothesis is accepted. So the phylogenetic distance matrices are significantly correlated. The Pearson's correlation coefficients and the Student's 't' test values, both approve the hypothesis that the two interacting proteins, viz. RbpA and RNA polymerase have co-evolved during the course of evolution in actinobacteria.
Discussion
We have reported previously (Dey et al., 2010 (Dey et al., , 2011 that MsRbpA rescues mycobacterial RNA polymerase from the transcription inhibition caused by rifampicin in vitro. As a corroboration of this work, it was shown previously (Dey et al., 2010) and in the present study, that the induction of MsRbpA in vivo causes an increase in the rifampicin-tolerance levels (MIC) of M. smegmatis.
In this manuscript, we report the assessment of MsRbpA for its role in phenotypic tolerance to rifampicin in a heterologous system of E. coli. The results both in vitro and in vivo, have shown that the rescuing effect from rifampicin is not shown on E. coli RNA polymerase and on the intrinsic rifampicin-resistance level of E. coli. These results, in spite of being negative, might have implications on the evolution of RNA polymerase in M. smegmatis and E. coli. It has recently been predicted by Lane and Darst (2010) that RNA polymerase has had a divergent evolution in the bacterial kingdom. Especially, Proteobacteria and Actinobacteria have had a diametrically divergent evolution. Notwithstanding that there have been sporadic occasions where the opinion about protein-protein interactions (involving RNA polymerase) not being conserved across species has been Table 3 (continued)
expressed (Steffen and Ullmann, 1998; Mencía et al., 1998; Lohrke et al., 1999) , RNA polymerase from different species may also have different properties (Artsimovitch et al., 2000) . Thus, MsRbpA can serve as a differential marker for RNA polymerase from M. smegmatis and E. coli. Our bioinformatics-based statistical analyses show high correlation coefficients and significant Student's t-values for RNA polymerase subunits and RbpA from Actinobacteria. This indicates that the divergent evolution of RNA polymerase among the phylum actinomycetes is highly correlated with divergent evolution of RbpA, existing exclusively in the same phylum. Lower values of correlation coefficients between RNA polymerase subunits and anciently conserved proteins served as a negative control for our analyses (Table 8) . They suggest that though speciation is an important phenomenon in the course of evolution, the high correlation coefficient between RNA polymerase and RbpA is due to co-evolution and not just speciation.
Therefore, it appears that rifampicin being a metabolite from soil actinomycete may have pre-exposed itself to other soil bacteria in the course of evolution. This might have led to a phenotypic defense system comprising of RbpA, co-evolving with the actinobacterial RNA polymerase. 
